The millimeter/submillimeter-wave spectrum of the CoCl radical (X 3 ⌽ i ) has been recorded using direct absorption techniques in the frequency range 340-510 GHz. This work is the first pure rotational study of this molecule. The radical was created by the reaction of Cl 2 with cobalt vapor. Rotational transitions arising from the ⍀ϭ4, 3, and 2 spin-orbit components of Co
I. INTRODUCTION
Although cobalt has its origin in the helium shell burning in asymptotic giant branch stars and in explosive nucleosynthesis in supernovae, 1 it has many practical uses here on earth. For example, this element is employed as a catalyst in many industrial processes, such as hydroformylation, 2 and is used in olefin insertion reactions. 3 Cobalt appears as the metal center in various biological molecules, including vitamin B 12 , and in low symmetry sites in enzymes. 4 It is used in metal alloys and in supramolecular chemistry in the construction of large metal complexes. 5 Cobalt complexes have additionally served as dyes in ceramics and glass for thousands of years. Yet, despite the many applications of this element, the exact nature of how it bonds to even simple ligands is not well understood. 6 The lack of understanding of the bonding in cobalt is illustrated by the history of a simple species, CoCl. Although cobalt ͑II͒ chloride is routinely used in general chemistry labs, until recently the electronic ground state of the monochloride CoCl was not known. Spectroscopic studies of this diatomic began as early as the 1930s, where various electronic bands were recorded in discharge experiments. 7, 8 However, the data were too complex to definitely assign an electronic ground state. As recently as 1997, theorists were still postulating what the term might be; using density functional theory methods, for example, Bridgeman concluded the ground state was 3 ⌺ Ϫ . 9 However, in 2002, Adam et al. 10 recorded two electronic systems of cobalt monochloride in the range 415-725 nm using laser-ablation/molecular beam laser-induced fluorescence. They concluded both bands arose from a X 3 ⌽ 4 term. Consequently, in analogy to CoF ͑Ref. 11͒ and CoH, 12 these authors assigned the ground state of CoCl as X 3 ⌽ i . Adam et al. also were able to resolve the cobalt hyperfine structure and determine the h parameter for several states. This work was followed by Fourier transform infrared spectroscopy of Hirao, Pinchemel, and Bernath in 2003, 13 who recorded the same bands as Adam et al., but also observed additional subbands; they were assigned to the ⍀ϭ3 spin component of the ground state. In addition, the ͓10.3͔
3 ⌽ 4 -X 3 ⌽ 4 and ͓11.0͔ 3 ⌽ 4 -X 3 ⌽ 4 electronic transitions were studied in the near infrared by Wong, Tam, and Cheung, 14 who determined the h parameter in several vibronic levels.
Here we present the first investigation of the pure rotational spectrum of CoCl using millimeter/submillimeter direct absorption spectroscopy. Fifteen and twelve rotational transitions were recorded for Co 35 Cl and Co 37 Cl, respectively. All three spin components were clearly identified in the spectra, which repeated in both chlorine isotopomers and in several vibrational states, providing conclusive evidence that the electronic ground state is 3 ⌽ i . In addition, cobalt hyperfine structure was resolved in all three sublevels. Both the fine and hyperfine structure showed evidence of perturbations from a nearby excited state. In this paper we present these results and their analysis. We also discuss the origin of perturbations and the nature of the bonding in CoCl.
II. EXPERIMENT
The spectrum of CoCl was recorded using one of the quasioptical millimeter/submillimeter direct absorption systems of the Ziurys' group. These instruments are described elsewhere. 15 Briefly, millimeter-wave radiation originating at a Gunn oscillator/Schottky diode multiplier source is passed through a polarizing grid and a series of mirrors into a reaction chamber. This chamber is a double-pass system with a roof-top reflector at the far end. After its second pass through the cell, the radiation is directed back through the optics and is reflected by the grid into a He-cooled InSb detector. The source is modulated at a rate of 25 kHz and signals are recorded at 2 f using a lock-in amplifier.
CoCl was produced by reacting cobalt vapor with pure Cl 2 . CCl 4 was originally used as the chlorine donator with some success, but switching to Cl 2 increased the signals fivefold. No dc discharge was necessary in either case. Cobalt vapor was obtained by melting chips of cobalt ͑Aldrich 99.5%͒ in a Broida-type oven through resistive heating. Because of cobalt's high melting point ͑ϳ1495°C͒, the crucible was wrapped in zirconia insulation. Chlorine was added over the top of the crucible; between 0.5 and 1.0 mTorr of Cl 2 resulted in the best signal. Both chlorine isotopes were observed in their natural abundance of 35 Cl: 37 Clϭ3:1. No carrier gas such as argon was used, as it did not increase the signal-to-noise ratio. Use of a dc discharge increased the intensity of CoCl lines somewhat but also added additional noise, so in the end little net improvement was gained. The reaction mixture exhibited no obvious fluorescence.
Rotational constants from optical studies 10, 13 provided the basis for the initial measurements. After scanning through several transitions ͑ϳ45 GHz͒ such that harmonic relationships and spectral patterns could be established, observed lines were identified. Transition frequencies were measured by averaging an even number of scans in both increasing and decreasing frequencies. These scans were typically 5 MHz in width, and two to four were necessary to obtain adequate signal to noise. Center frequencies were determined by fitting the observed lines to Gaussian profiles. The instrumental accuracy is ϷϮ50 kHz. Typical linewidths were 1.0-1.5 MHz over the range 343-508 GHz.
III. RESULTS
It was clear from the beginning that CoCl was not a good Hund's case ͑a͒ species, and therefore did not have the regular intervals between the spin components exhibited by TiF ͑Ref. 16͒ or FeCl, 17 for example. No obvious spin pattern was apparent in the spectra. Therefore, features were sought that repeated themselves in the 37 Cl isotopomer. This procedure enabled the vibrational progression in both isotopomers for the ⍀ϭ4 spin component to be located, vϭ1 through 4 for Co 35 Cl and vϭ1 through 3 for Co 37 Cl. The remaining sets of lines had to be due to the other ⍀ ladders and their respective vibrational satellite features. The second strongest of the remaining features, a likely candidate for the ⍀ϭ3 ladder, however, was shifted to lower frequency relative to the ⍀ϭ4 component, while the possible ⍀ϭ2 line was located ϳ8 GHz higher. Both lines had counterparts in the 37 Cl isotopomer, as well as their own vibrational progression. After this tentative assignment was made, the Hirao, Pinchemel, and Bernath paper 13 was published, which confirmed the ⍀ϭ3 identification; the remaining sets of lines were assigned to the ⍀ϭ2 component by process of elimination.
The spectral pattern is illustrated in Fig. 1 , which is a stick figure ranging over 2B at the frequency of the Jϭ43 ←42 transition of Co 35 Cl. The ⍀ϭ4 and 3 spin components are clustered at the left ͑lower frequency͒ and the ⍀ϭ2 feature is at the far right ͑higher frequency͒, all indicated by solid black lines. The ⍀ϭ2 and 3 components are considerably weaker in intensity. Vibrational satellite features due to Co 35 Cl are portrayed by dashed lines; the vϭ1, 2, 3, and 4 progression is clearly visible for the ⍀ϭ4 component, and a few lines arising from the other spin levels are additionally present. The Co 37 Cl lines for the vϭ0 spin components are shown in gray scale; these appear at ''odd'' frequencies because they come from the Jϭ45←44 ͑⍀ϭ4 and 3͒ and J ϭ44←43 ͑⍀ϭ2͒ transitions-a result of the isotopic shift. The remainder of the features arise from vibrationally excited states of the 37 Cl isotopomer. Not shown in this diagram are the hyperfine interactions, which split each depicted line into octets.
Representative data recorded for the main isotopomer of CoCl are shown in Fig. 2 . Here a composite spectrum of the three spin components of the Jϭ35←34 transition has been created using two frequency breaks. The insert shows an enlarged version of the ⍀ϭ2 data. The regular octet pattern, arising from the 59 Co spin of Iϭ7/2, is apparent in each component. ͑Splittings due to the chlorine nuclear spin of I Cl is also easily identified, but the presence of the Co 37 Cl isotopomer, its vibrational satellite lines, and the vibrationally-excited states of the ⍀ϭ2 and 3 components of Co 37 Cl complicate the spectrum.
ϭ3/2 were not resolved in the data-not surprising since cobalt has a nuclear moment about six times larger than that of Cl.
18 ͒ As these data show, the overall splitting is smallest in the ⍀ϭ3 lines and largest in the ⍀ϭ2 hyperfine set. Also evident in this figure are the relative intensities of the three spin components, which are ⍀ϭ4:3:2ϭ25:2:1. This ratio suggests a rotational temperature of T rot ϳ270-430 K based on the overall spin-orbit splitting of 6A or ϳ1440 K. The ⍀ϭ3 and 2 components appear quite weak in comparison with the ground state ⍀ϭ4 lines; however, these data were actually recorded with high signal to noise with little scan averaging, as the insert for the ⍀ϭ2 octet shows. Significant signal averaging was only necessary for highly-excited states, such as the vϭ1 level of the ⍀ϭ3 component of Co 37 Cl. ͑The vϭ0 -1 spacing is 370 K.͒ The similar intensities of the ⍀ϭ2 and 3 states suggests that they may be closer in energy than predicted by the spin-orbit splitting alone.
Selected transition frequencies for Co 35 Cl in the vϭ0 state are presented in Table I . As the table shows, frequencies of the eight hyperfine components were typically measured per spin level per transition. Fifteen transitions were studied for the main CoCl isotopomer; several include all three spin components. In the case of Co 37 Cl, twelve transitions were measured. The complete data set spans the range 343-507 GHz. The complete list of frequencies for both isotopomers is available electronically on EPAPS. 19 In addition to the vϭ0 lines, four transitions originating in each of the vϭ1, 2, 3, and 4 levels of Co 35 Cl ͑⍀ϭ4 only͒ were recorded. Four to five transitions originating in each of the vϭ1, 2, and 3 states of Co 37 Cl ͑⍀ϭ4 only͒ were measured as well. All lie in the range 373-493 GHz (J Х34-47). For each of the ⍀ϭ2 and 3 spin components, four to five transitions were measured in the vϭ1 level for both chlorine isotopomers, from 373 to 493 GHz (J Х34-46). In virtually every transition, frequencies for all eight hyperfine components were recorded, a total of 279 separate measurements. These data sets also are also available electronically on EPAPS. 19 As may be evident from Table I many of the ⍀ϭ3 frequencies were not measured, in particular for those above J Ͼ38, although data has been recorded for the other two spin components in this range. These transitions were certainly located, but the hyperfine pattern exhibited unusual behavior that could not be satisfactorily analyzed. At the Jϭ39←38 transition in the ⍀ϭ3 state of Co 35 Cl, the individual lines of the hyperfine octet were found to broaden into multiple, unresolved features. By the Jϭ44←43 transition, the lines become narrow again but there are nine such features, not eight. The extra lines likely arise from ⌬FϭϮ2 transitions, perhaps a result of mixing with a nearby vibrational state. These ''nonets'' remained in the ⍀ϭ3 data up to the highest J level studied. A similar trend was observed in the Co 37 Cl isotopomer as well for the ⍀ϭ3 levels. In contrast, the v ϭ1 transitions for ⍀ϭ3 did not show any such perturbations. Wong, Tam, and Cheung also saw some perturbations in the cobalt hyperfine structure, but it was for the vϭ7 level in the ͓10.3͔
3 ⌽ i excited state. This spectrum is a composite of three separate frequency ranges that are actually widely spaced; hence, there are two breaks in the frequency scale ͑see Fig. 1͒ . The octet hyperfine pattern arising from the cobalt nuclear spin of Iϭ7/2 is clearly resolved in each sublevel. The ⍀ϭ3 and 2 features are considerably weaker than those of ⍀ϭ4, suggesting that they lie close in energy. However, these two components were still recorded with remarkable signal to noise, as the enlarged spectrum of the ⍀ϭ2 octet demonstrates. These three data sets are 80 MHz wide and were acquired in single, 60 s scans. anomalous splittings cannot be due to the chlorine nucleus, as the expected pattern would be quartets of octets. Also, the chlorine hyperfine interactions would be expected to play a role at lower, not higher, J. Hyperfine interactions arising from fluorine have been resolved in CoF, 20 producing doublets of octets ͓I(F)ϭ1/2͔, but not the unusual pattern observed here. ͑The fluorine magnetic moment is about a factor of 3 larger than that of chlorine. 18 
͒

IV. ANALYSIS
The observed rotational transitions were analyzed using an effective 3 To fit the data, the spin-orbit constant A was initially set ͑165 cm ce1 ͒ to the value for CoF ͑Ϫ233 cm Ϫ1 ͒. 21 It was later determined that this value did not provide a good fit, so A was varied until an optimal value was obtained. In the final fit, it was then fixed to this value ͑166 cm Ϫ1 ͒. Higher order corrections to the spin-orbit and spin-spin constants were found to be necessary for a satisfactory analysis (A H , A L , and H ). The hyperfine splittings were fit to the a, b, and (bϩc) parameters only, as no improvement was obtained by using eQq. An additional term was also added to the hyperfine Hamiltonian exclusively for the ⍀ϭ3 levels of the form
This term was originally created for the analysis of the 3 ⌽ 3 sublevel of CoH. 22 The data for both chlorine isotopomers and their vϭ1 states were fit in an identical manner. For Co 37 Cl, however, the range of J was smaller and hence the higher order centrifugal distortion corrections were not needed. The resulting spectroscopic parameters from these global fits are provided in Table II . Also given are the B e and ␣ e constants derived from the vϭ0 and vϭ1 data only for both species. For comparison, the constants for Co 35 Cl (vϭ0 and vϭ1) derived from the infrared measurements of Hirao, Pinchemel, and Bernath 13 are listed as well. These constants were established from the ⍀ϭ4 and 3 components only, however, so there is some ͑expected͒ disagreement between the two parameter sets. The rms of the fits for Co 35 Cl are 434 (vϭ0) and 373 kHz (vϭ1), and 212 (vϭ0) and 277 kHz (vϭ1) for the chlorine-37 isotopomer.
V. DISCUSSION
This study has resulted in the identification of the third spin component ͑⍀ϭ2͒ for CoCl, which confirms the 3 ⌽ i ground state assignment for CoCl. The lack of doubling in any ⍀ ladder, which might have been present in a ⌸ or ⌬ state, is additional evidence for the ⌽ term. Also of note is the large shift of the ⍀ϭ3 spin component relative to the ⍀ϭ4 and 2 sublevels, which manifests itself in a large ͑nega-tive͒ value of . Furthermore, the hyperfine structure of this sublevel appears perturbed. Both effects, which will be discussed in the following sections, probably arise from interactions with an isoconfigurational excited 1 ⌽ state, which has a single spin ladder with ⍀ϭ3. Evidence of similar perturbations occur in the X 3 ⌬ i state of FeC, where the ⍀ϭ2 sublevel is shifted relative to the case ͑a͒ spin-orbit pattern. 23 An excited 1 ⌬ 2 state is thought to be the perturber in this case. FeC has a large value of ͑1 285 GHz͒, except it is positive, and the shift is in the opposite direction in frequency.
A. Fine structure splittings
The spin-orbit and spin-spin interactions compete in a 3 ⌽ state to establish the fine structure pattern. When the spin-orbit constant A is larger than , the pattern is fairly regular for a ''good case ͑a͒'' molecule. Examples are TiF in its X 4 ⌽ r state, where Aϭ1000 GHz and ϭ4 GHz ͑Ref. 16͒ and FeCl (X 6 ⌬ i ), for which AϭϪ2274 GHz and ϭ16.4 GHz. 17 In the case of FeC (X 3 ⌬ i ), where some evidence of perturbations is observed, AϷ. 23 For CoCl, however, is greater than A ͑Ϫ7196 GHz versus Ϫ5000 GHz͒. 
while the diagonal elements are
Considering 2 as the displacement due to the perturbation, the difference in energy between the 1 ⌽ 3 and 3 ⌽ 3 states can be expressed as
͑5͒
Here it is assumed that the effective is so .
The ␦ orbitals in CoCl must be centered on the cobalt atom, as chlorine has no d orbitals. Hence, to a reasonable approximation, 2a ␦ ϭ Co ϭϪ536 cm Ϫ1 . 24, 25 Because a ␦ ϩa /2ϭ3A, it follows that a /2ϭϪ232 cm Ϫ1 . The energy separation between the 1 ⌽ 3 and 3 ⌽ 3 states is then estimated to be ⌬EϷϪ480 cm Ϫ1 . This calculation implies that the 1 ⌽ state lies within the ground state spin-orbit manifold. Because of the very large value of , a close-lying perturbing state is probably expected. Furthermore, the negative value of the effective parameter suggests that the ⍀ϭ3 substate is shifted to higher energy in this case. Hence, the proposed 1 ⌽ state lies lower in energy relative to the ⍀ϭ3 substate. In  Fig. 4 , this energy ordering is shown. Note that the ⍀ϭ3 sublevel is shifted closer to the ⍀ϭ2 substate in energy. Without this perturbation, it would lie at 3A in energy, or near 500 cm Ϫ1 . This proposed shift is supported by the similar intensities of spectra originating from these two levels.
Another possible perturber is a 3 ⌬ 3 state. The study of Hirao, Pinchemel, and Bernath 13 suggests that there is a 3 ⌬ i state in CoCl lying about ϳ20 000 cm Ϫ1 above ground state. Because it is inverted, the ⍀ϭ3 level would lie lowest in energy. This 3 ⌬ i state would therefore interact significantly with the 3 ⌽ 3 sublevel, although the ⍀ϭ2 level would additionally be affected.
B. Hyperfine splitting
As discussed, a series of rotational levels in the ⍀ϭ3 ladder displays highly irregular hyperfine patterns from probable mixing with a vibrational state. Evidence for secondorder spin-orbit perturbations is also found in what appears to be the more regular hyperfine interactions. The hyperfine splitting per ⍀ is described by the equation
where h ⍀ is the hyperfine parameter for each sublevel. Because ⌺ varies from 1, 0 to Ϫ1 for ⍀ϭ4, 3, and 2, the overall hyperfine splittings should uniformly increase or decrease with ⍀ value; this pattern does not occur for CoCl. Furthermore, h ⍀ϭ3 should be the average of h ⍀ϭ4 and h ⍀ϭ2 . However, the average for the ⍀ϭ4 and 2 ladders is 2513 MHz, which is significantly different from that of ⍀ϭ3, which has h ⍀ϭ3 ϭ1755 MHz. Moreover, the global fit required the inclusion of a h 3D centrifugal distortion correction for the ⍀ϭ3 hyperfine interactions. This term likely accounts for more than centrifugal distortion because h 3D /h ⍀ϭ3 ϾD/B. As discussed by Azuma et al., 24 the Fermi contact and spin FIG. 4 . A qualitative energy level diagram showing the relative positions of the three spin components arising from the ground state, X 3 ⌽ i , indicated by ⍀. Also depicted are the first three excited vibrational levels of the ⍀ϭ4 substate, shown in gray scale. A low-lying excited electronic 1 ⌽ 3 state, located at EϷ400-500 cm Ϫ1 , may be responsible for perturbing the ⍀ϭ3 sublevel of the X 3 ⌽ i state and shifting it to higher energy. 21 The same quantity for the cobalt atom is 4.4ϫ10 31 m Ϫ3 . 22 Thus, the unpaired electrons are located in more diffuse orbitals in CoCl than the other species; the larger size of the electronegative chorine atom relative to hydrogen and fluorine may be pushing the cobalt electron density further from the Co nucleus.
The Fermi contact term b F primarily arises from electrons in orbitals which, assuming a single electron configuration, do not exist for CoCl. A nonzero value for b F can arise from spin polarization, but then it is usually negative. 26 Because (bϩc) is not well defined in CoCl, in turn neither is b F . The value determined here for b F is 33Ϯ48 MHzwhich within the errors could be negative.
The dipolar constant c is calculated to be Ϫ305Ϯ140 MHz-roughly comparable to the c parameters for CoF ͑Ϫ196 MHz͒ and CoH ͑Ϫ456 MHz͒. 20, 22 This constant depends on the expectation value of the operator ͚ i (3 cos 2 i Ϫ1)/r i 3 , where i is the summation over the unpaired electrons.
From c, the angular factor ͗3 cos 2 Ϫ1͘ can be calculated for CoCl, using ͗1/r 3 ͘ derived from a; its value is Ϫ0.3901. For pure d and d ␦ orbitals, these angular factors are ϩ2/7 and Ϫ4/7, respectively, 27 which add to Ϫ0.286. Hence, the sign of c appears to be correct. The slightly larger angular value may result from polarization of the and ␦ orbitals by the nearby chlorine atom.
The hyperfine constants can be used as well to calculate the percent contribution of the two atoms in CoCl to the molecular orbitals of the unpaired electrons. The valence electron configuration of CoCl is (11) 2 (1␦) 3 4 Co for CoF was found to be 0.934. Obviously these calculations are only estimates, but they do suggest that CoCl has more covalent character to its bonding than CoF. Based on electronegativity arguments, such a result might be expected, although previous studies have indicated that CoCl is as ionic as its fluorine analog. 10, 13 
C. Bonding trends in 3d transition metal chlorides
Trends within the 3d transition metal oxides and sulfides have been discussed in depth by various authors. [29] [30] [31] The so-called ''double-hump'' structure in bond length is apparent in both these species, namely, there is an increase in the bond distance occurring from vanadium to manganese, a decrease at iron, and then a second increase towards copper. The increase from vanadium to manganese is due to the addition of electrons to antibonding orbitals. The highest * orbital does not receive an electron until manganese. After this, bond lengths decrease due to core contraction of the metal as no new antibonding orbitals are being filled; the trend repeats in the second half of the third row.
A somewhat different trend is found in the 3d halides. As discussed by Sheridan, McLamarrah, and Ziurys, 16 the fluorides exhibit a noticeable increase in bond length at MnF, but only a minor one from cobalt to copper. In addition, another large increase in bond distance appears at titanium. This trend is shown in Fig. 5 . The difference in bond length trends between the oxides/sulfides versus the fluorides arises from the presence of an extra electron in the latter species, as well as the difference in the energies of the F and O atomic orbitals. As a result, the orbital energies vary, and the electron configurations differ significantly from the oxides to the fluorides ͑see Ref. 17͒ .
The bond lengths of the chlorides are also plotted in Fig.  5 . At first glance, the chlorides and fluorides exhibit a similar trend, as might be expected from their identical electron configurations. The bond distances of the chlorides are naturally longer than the fluorides by about 0.4 Å due to the difference in atomic or ionic radii ͑0.35 or 0.45 Å͒. 32 However, the bond distances shorten slightly at CrCl and CuCl, while they increase in the fluoride species. The decrease in bond distance from MnCl to CoCl is more dramatic than in the fluorides, as well. These variations may result from the fact that the chlorine bonds from 3p orbitals, which are considerably closer in energy to the 3d/4s transition metal orbitals than the 2 p of the F atom. Greater molecular orbital overlap in the chlorides produces these subtle bonding differences.
VI. CONCLUSIONS
Although the three spin-orbit components have been identified in CoCl in its X 3 ⌽ i state, the irregular pattern, coupled with unusual hyperfine splittings, suggests that the ground state is perturbed by a close-lying excited state or states. Because the ⍀ϭ3 sublevels appear to exhibit the most irregularity, the perturbing state may be the isoconfigurational 1 ⌽ 3 term. These states can interact via second-order spin-orbit coupling, which enters in as an off-diagonal term in both the spin and hyperfine Hamiltonians. Interpretation of the hyperfine parameters suggests that the bonding in CoCl is more covalent than in CoF. An examination of the bond distances of the 3d chlorides versus the fluorides shows that these species are similar, although subtle differences in their bonding appear to be present.
